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© High-speed modulator of the polarization of an optical carrier. 



© The modulator comprises an integrated optical 
switch (6) receiving at an input a linearly-polarized 
optical carrier and transferring same to a first or a 
second output (P3, P4), according to the logic values 
of the bits of a modulating binary data signal. The 
radiations outgoing from the switch are sent to a 
polarizing beam splitter (13) with their original po- 



larization or with a polarization rotated by 90 de- 
pending on the switch output (P3, P4) from which 
they come. A signal with the original polarization or 
with the polarization rotated by 90° is present at the 
splitter output, depending on the logic values of the 
bits of the modulating signal. 
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The present invention relates to optical tele- 
communications systems, and more particularly it 
concerns a high-speed polarization modulator for 
use in a digital transmission system, where the 
electrical data signal modulates the state of po- 
larization of an optical carrier. 

Polarization modulation of an optical carrier is 
obtained by sending said carrier to devices whose 
state of birefringence is modified by the electrical 
information signaL Modulators for this purpose are 
usually based on Pockels cells, lithium niobate 
phase shifters or TE-TM mode converters. 

Pockels cells have maximum bandwidth of the 
order of 50 - 100 MHz and therefore they cannot 
be used for high transmission rates (of the order of 
the Gbits/s). Phase shifters permit bandwidths of 
the order of some GHz to be attained and hence 
thsy are well-suited to high transmission rates. 
However, to build a modulator, an interferometer is 
required having a reference branch and a branch 
containing the phase shifter and the beams from 
the two branches, polarized according to ortho- 
gonal polarization axes, are to be combined. That 
structure net only is complex per se. but it can be 
used only in that specific application. Mcde con- 
verters, which are based on integrated interdigited 
electrode structures (i.e. a crouo of alternate elec- 
trodes with opposite polarity) allow wide band- 
widths, and hence high transmission rates, to be 
attained, but they are not yet commercially avail- 
able. 

The invention aims to provide a simple and 
compact modulator, which operates at high speed 
and uses commercially available integrated compo- 
nents having a wide range of applications in optical 
switching (optical switches, power-dividers or direc- 
tional couplers, phase shifters, and the like). 

According to the invention, in a first aspect, a 
polarization modulator for digital signal transmis- 
sion systems, where a digital data signai having a 
number of logic levels modulates the .state of po- 
larization of an optical carrier, comprises: 

- an integrated optical waveguide device presenting 
at least one input port, at which it receives a 
linearly-polarized input radiation constituting the 
optical carrier to be modulated, and two output 
ports, and comprising means, controlled by said 
data signal, sharing the optical power associated 
with the input radiation between a first and a sec- 
ond radiation which are presented at either output 
ports, the power fraction associated with each of 
said first and second radiation depending on the 
logic level of the data signal, the radiations out- 
going from either output port being sent along a 
first and a second path, respectively; 

- means for rotating by 90* the polarization plane 
of the radiations present on one of said paths; 

- means responsive to the state of polarization of 
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the radiations present on said two paths, which 
means receives at a first or a second input the 
radiations coming frcm the first or the second path 
and transfers such radiations onto a modulator out- 
put to form a modulated signal consisting of an 
output radiation presenting a state of polarization 
depending on the power fraction associated with 
the radiation sent along either path and hence on 
the level of the data signal. 

In a second aspect of the invention, a polariza- 
tion modulator for digital signal transmission sys- 
tems, where a digital data signal having a number 
of logic levels modulates the state of polarization of 
an optical carrier comprises: 

-an integrated optical waveguide device presenting 
at least one input port, at which it receives a 
linearly-polarized input radiation constituting the 
optica; carrier tc be modulated, and two output 
ports, and comprising means, controlled by said 
data signal, sharing the optical power associated 
with the input radiation between a first at a second 
radiation which are presented at either output port 
and making said radiations arrive at said output 
ports with a reiaiive pnase shift depending on the 
logic level of the data signal, the radiations out- 
going from either output port being sent aiong a 
first and a second path, respectively; 

- means lor rotating by 90 ' the polarization plane 
of the radiations present on one of said paths; 

- means responsive to the state of polarization of 
the radiations present on said two paths, which 
means receives at a first or a second input the 
radiations coming from the first or the second path 
and transfers such radiations onto a modulator out- 
put to form a modulated signal consisting of an 
output radiation presenting two orthogonally po- 
larized components with a relative phase shift de- 
pending on the relative phase shift of the radiations 
sent along the first and second path and hence on 
the level of the data signal. 

The invention wilt be better understood with 
reference to the annexed drawings, in which: 

- Fig. 1 a diagram of the modulator for the 
case of transmission in free space; 

- Fig. 2 is a diagram similar to the one of 
Fig. 1 , for the case of transmission in a fibre; and 

- Fig. 3 is the diagram of a variant of Fig. 1. 
In Fig. 1, the light emitted by a source 1, e.g. a 

semiconductor laser operating at 1550 nm, is col- 
limated by an optical system 2 and passes through 
an isolator 3 preventing radiations reflected by the 
various modulator elements from returning into the 
cavity of laser 1. The radiation outgoing from the 
isolator, linearly polarized in a plane which can be 
rotated by a quarter-v/ave plate 4, is focused by 
another optical system 5 at an input of a two-by- 
two optical switch 6, of any commercially avaiiable 
type. More particularly, owing lo the characteristics 
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of the commercially available optical switches, the 
input radiation should have horizontal polarization. 

In exemplary applications of the present inven- 
tion, the electrical signal controlling switching in 
switch 6 may be a binary signal, of which the two 
logic values correspond respectively to a null volt- 
age and tc switching voltage V1 of switch 6. That 
sionat is obtained by ceding in an on-off encoder 7 
the information to be transmitted. Arrows IN, GK 
schematize the inputs for the information signals 
and for synchronism signals timing the operations 
of encoder 7. 

A coilimating optical system 8 and a half-wave 
plate 9 for rotating by 90 ' the polarization plane of 
the light emerging from switch 6 are placec on the 
path of the light outgoing from P2. On the path of 
the light outgoing from P4 there are provided, 
besides coilimating optical system 10, an optical 
delay line 11 tc keep the optical lengths of both 
paths equal and hence to maintain the coherence 
among the radiations sent along said paths, and a 
polarizer ',2 for compensating variations of the 
state of polarization introduced by delay line 11, 

The two paths end at the two inputs of a 
polarizing beam splitter 13, i.e a device transmitting 
light oolarized in a plane and reflecting orthogonal- 
ly pclarized light. More particularly, beam splitter 
13 is oriented so as to transmit the vertical po- 
larization and to reflect the horizontal one. The 
radiation outgoing from splitter 13 is then sent 
towards the receiver. A mirror 14 makes trie radi- 
ation outgoing from port P2 of element 6 arrive 
onto splitter 13. 

For a better understanding of the operation of 
the modulator according to the invention it is con- 
venient to briefly summarise the structure and the 
ooeraiional principle of switch 6. As known, the 
switch is an integrated-optics waveguide structure 
comprising an input coupler 6a, a Mach-Zencer 
interferometer and an output coup ; er 6c. Input cou- 
pler 6a divides the power associated with an input 
signal between the waveguide portions 6b t 6b 
acting as phase shifters and forming the inter- 
ferometer branches. The output coupler reccm- 
bines on either output the signals coming frcm the 
two branches of interferometer 6b. Waveguide por- 
tions 6b', 6b" are placed between respective pairs 
of electrodes el\ ( e2 and el". e3. respectively. 
Electrodes el , el " are connectec to the source of 
switching voltage V1 (i.e. to encoder 7, in the 
described application), while electrodes e2, e3 are 
grounded. Also the waveguide portions forming 
couplers 6a, 6c are placed between respective 
pairs of electrodes e4, 45 and e6. e7, respectively: 
an electrode of each pair is grounded and the other 
is connected to a source of a voltage V2 (identical 
for the two couplers), allowing the couplers to be 
tuned to the wavelength of the light source used. 



The connection of the electrodes to voltage V2 is 
opposite to the two couplers. Light entering the 
switch through one of the inputs, e.g. P1, is equally 
divided between the interferometer branches. In the 
5 absence of voltage V1 (bit 0 of data signal) and 
assuming that both branches have the same 
length, at the output coupler there is phase match 
between the signals coming from the two branches. 
Voltage V2 causes constructive interference in 
ro waveguide pcrtion 6b connected to P4 and de- 
structive interference in waveguide portion 6b con- 
nected to F3 ; so that a signal is present only at 
output P4 (cross state). In the presence of voltage 
V1 (bit 1). and always assuming equal lengths for 
75 both branches, light passing in upper waveguide 
portion 6b' undergoes a + tt/2 phase shift and light 
passing in lower waveguide portion 6b a -t/2 
phase shift: the total phase shift is -n, hence the 
situation in the output coupler is opposite tc the 
2C preceding case and light outgoes from P2 (straight- 
through state). 

That stated, the operation of the device accord- 
ing to the invention is as follows. At a given instant, 
the light polarized in a horizontal plane entering 
25 ■ switch 6 through input P1 outgoes from F2 or P4 
according to whether the bit of the sequence gen- 
erated by encoder 7 has logic value 0 or 1. What- 
ever the active output, the polarization state is 
always the same as that of the input signal of 
30 switch 6. If output P2 is active, the radiation em it- 
tec therefrom is converted into a radiation with 
vertical polarization by half-wave plate 9 and is 
transmitted through splitter 13. If output P4 is ac- 
tive, the radiation arriving at the splitter has main- 
35 tained its horizontal poiarization and hence is re- 
flected. Thus, the radiation outgoing from splitter 
13 has vertical or horizontal polarization according 
to whether the bit of the information sequence is 1 
or 0. The polarization-modulated signal thus ob- 
40 tained is then demodulated in the receiver of the 
communications system, e.g. with the modalities 
described by R. Calvani, R. Caponi et F. Cisternino 
in the paper "Poiarization phase-shift keying: a 
coherent transmission technique with differential 
45 heterodynce detection", Electronic Letters, 12 May 
1988. Vol. 24, No. 10. 

It is clear that the device described satisfies 
the above-cited requirements. Optical switches are 
commercially available and, since they are mace 
so with integrated-optics techniques, they satisfy sim- 
plicity and compactness requirements. Besides, as 
known, they present very short switching times, 
permitting transmission rates of the order of the 
Gbits/s. 

55 in the case cf propagation guided in an optical 

fibre, the modulator has the structure shown in Fig. 
2. Input Pi and outputs P2, P4 of switch 6 are 
associated with corresponding trunks 15, 16, 17 of 
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polarization-maintaining (or highly birefringent) op- 
tical fibre, directly connected to the output of isola- 
tor 3 and respectively to the inputs of a polarization 
maintaining coupler 113, having the same tasks as 
splitter 13. It is to be appreciated that switches like 
that described can be equipped during fabrication 
with fibre portions, to which trunks 15. 16, 17 can 
be connected- Moreover, modules comprising the 
source and the isolator and equipped with a fibre 
portion for connection to an optical fibre are also 
commericially available. Fibre trunks 16. 17 con- 
nected to the switch outputs- must have the same 
length to ensure equal optical paths for the output 
signals from the switch to coupler 113. Trunk 15 is 
mounted on a support allowing its end portion to 
be rotated, as schematized by arrow F1. to ensure 
that the mode propagating according to the hori- 
zontal polarization axis is excited. One at least of 
the two output fibre trunks, e.g. trunk 17, is also 
associated with a support of that kind (as schema- 
tized by arrow F2), to arrange its end portion so 
that the polarization plane of outgoing radiation is 
the vertical one. If desired, a similar support can be 
provided for fibre 16 to ensure that the polarization 
plane of the outgoing radiaiicn is horizontal. 

In that embodiment the half-wave plates are no 
longer necessary, and are replaced by a suitable 
fibre end orientaiion. Also delay line 1 1 car. be 
dispensed with, since the two fibre trunks 16, 17 
have the same length. The operation is equal to 
that of the preceding embodiment. 

In the variant shown in Fig. 3, relevant to the 
case of free-space propagation, switch 6 has been 
replaced by an integrated optics device comprising 
only coupler 5a and waveguide portions 6b', 6b" 
acting as phase shifters. The latter are directly 
connected with outputs P2, P4. The paths of radi- 
ations outgoing from P2, P4 end at splitter 13. as in 
Fig. 1. Splitter 13 is followed by a quarter-wave 
plate 18, which is to compensate phase differences 
among the output fields of the input coupler and to 
make the phase of the modulator output signals 
depend solely on the eiectro-oplic action of voltage 
V1 . The other modulator components remain un- 
changed, and are denoted by the same references 
as in Fig. 1. Of course, the modification shown in 
Fig. 3 can be made also for the embodiment of 
Fig. 2. 

The operation of this variant is as follows: the 
light entering through P1 is divided in equal parts 
between the two waveguide portions 6b , 6b , as in 
the previous case. Output coupler 6c (Figs. 1 and 
2) is lacking, thus there is no recombination of the 
signals present in the two guides, so that both 
outputs P2, P4 are active at the same time. The 
signals outgoing from P2 and P4 arrive with or- 
thogonal polarizations at splitter 13, whose output 
signal will present two orthogonally-polarized com- 



ponents. The relative phase of such components 
depends on the input signal phase and on the 
possible phase shift introduced by waveguide por- 
tions 6b\ 6b". More particularly, in case of bit 0. 

5 the two components do not undergo phase shirts in 
waveguide portions 6b , 6b ' and will be in phase at 
the output of quarter-wave plate 13 which, as men- 
tioned, compensates possible phase shifts intro- 
duced by the input coupler; in caso of bit 1, the 

w two components are phase shifted by ±t/2, respec- 
tively, by waveguide portions 6b , 6b", and plate 18 
will cause said components to be actually out of 
phase by ±~-2 and -x'2, respectively, with respect 
to the case of bit 0. 

75 Fields with symmetrically phase-shifted com- 

ponents can be of advantage in case of polarization 
phase-shift keying transmissions, since the signal- 
to-noise ratio can be improved by suitable filters, 
as described by R. Calvani. R. Caponi. F. Citernino, 

20 G. Marone and P. Poggtolini in the paper 
"Polarization phase-shift keying for coherent optical 
transmissions with differential heterodyne detec- 
tion", presented at the international Workshop OC- 
TIMA, Roma, 24-26 January 1969. 

25 The characteristics of simplicity and compact- 

ness of the embodiment of Figs. 1 and 2 are 
clearly present also in the embodiment of Fig. 3. A 
device like that formed by coupler 6a and 
waveguide portions 6b , 6b" can be made by the 

ao same process leading to the manufacture of an 
optical switch, simply by interrupting the doping in 
correspondence with the ends of waveguide por- 
tions 6b , 5b . 

It is clear thath what described has been given 

35 only by way on ncn limiting example and that 
variations and modifications are possible without 
going out of the scope of the invention. 

E.g., waveguide portions 6b , 6b" can have 
different lengths and introduce phase shifts with 

40 different absolute values which need not to be 0 
or7r/2; however, simply by acting on the voltage 
supplied to electrodes el', el ", the phase shifts 
introduced by a bit 0 and by a bit l can be actually 
0 and tt/2. or more generally, for the case of Figs. 

45 1 and 2, the signals at the output coupler can be 
out-of-phase by m. 

Moreover, even if in the preceding description 
reference has been made to a binary modulating 
signal, the invention can also be used in connec- 

50 tion with multilevel signals. In that case, the optical 
paths in waveguide portions 6b', 6b" will have 
lengths depending on the voltage values asso- 
ciated with the different levels of the information 
signal. Consequently, also the phase shifts caused 

55 by such waveguide portions will depend on the 
levels of the information signal. For instance, con- 
sidering again a symmetrical structure and assum- 
ing that the information signal has n equally spaced 
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levels and that voltages 0 and V1 are associated 
with the lowest and the highest level, respectively, 
such lowest and highest levels will cause phase 
shifts 0 and ±w/2. respectively, in the signals travel- 
ling along waveguide portions 6b , 6b , whereas 
the intermediate levels will cause phase shifts dif- 
fering each by t? = rr/n, in absolute value, from the 
phase shift caused by an adjacent level. 

In the embodiments of Figs. 1 and 2, taking 
into account thath the electric fields at the switch 
outputs are proporuonai to sine and cost?, respec- 
tively (as it can be demonstrated by simple theo- 
retical considerations), constructive or destructive 
interference will occur at the output coupler in 
correspondence with the lowest or the highest sin- 
gal level (as in the case of a binary information 
signal), and hence only one switch output will be 
ative; at the intermediate levels, the output coupler 
will share the optical power present at the end of 
waveguide portions 6b , 6b among the two outputs 
and a signal will be present on both paths leading 
to splitter 13 or coupler 113: the output signals of 
such splitter or coupler will exhibit states of po- 
larization regularly distributed between the horizon- 
tal and vertical linear polarizations, in the embodi- 
ment of Fig. 3, the output signals of the splitter or 
coupler wiil comprise two orthogonal components 
with different relative phase shifts, varying in steps 
of 2?r/n when passing from one level on the adja- 
cent one of the modulating signal. In other v/crds, 
states of polarization are obtained which are repre- 
sented by regularly spaced ooints on a maximum 
circle in the so called Poincare sphere. 

The amplitude modulation performed by the 
switch shown in Figs. 1 and 2 could also be ob- 
tained by input coupler 6a alone, provided it re- 
ceives as control signal a signal representative of 
the modulating signal (more particularly, a voltage 
having two different values, eg. 0 and V, in cor- 
respondence with the two logic values of a binary 
information signal, or a voltage varying in steps 
from a minimum to a maximum value, in case of a 
multilevel information signal). Thus, in the case .of 
multilevel signals, if both input coupler 6a and 
waveguide portion 6b are controlled by respective 
signals obtained from the information signal 
through a suitable encoder, both the relative phase 
o"* the signals arrivir.g at the two output ports of the 
amplitude ratio of same can be made dependent 
on the modulating signal level. That further degree 
or freedom allows any state of polarization to be 
obtained at the mdoulator output, i.e. polarization 
signals are obtained which are represented by 
point arranged in any manner on the Poincare 
sphere. The two control signals can be ontainec 
from respective groups of the bits of a binary 
representation cf the different levels of the modu- 
lating signal: for instance, in case of a 4-level signal 



(whose levels can be represented by 2 bits), the 
less significant bit can be used to control the 
amplitude and the more significant bit the phase; 
for a signal with more than 4 levels, the least 
5 significant bit of the level representation can be still 
used to control the amplitude and the other bits to 
control the phase, and so on. 



70 Claims 

1. A polarization moduiator for digital signal 
transmission systems, where a digital data signal 
(IN} having a number of logic levels modulates the 

75 state of polarization of an optical carrier, character- 
ized in that it comprises: 

- an integrated opticai waveguide device (6; 6a) 
presenting at least one input port (P1;_P3), at which 
it receives a linearly-polarized input radiation con- 

•20 stituting the optical carrier to be modulated, and 
two output ports (P2, 94), and comprising means 
(el\ e2, el", e3: e4, e5), controlled by said data 
signal, sharing the optical power associated with 
the input radiation between a first and a second 

25 radiation which are presented at either output port 
(P2, P4), the power fraction associated with each of 
said first and second radiation depending on the 
logic level of the data signal, the radiations out- 
going from either output port being sent along a 

30 first and a second path, respectively; 

- means (9) for rotating by 90* the polarization 
plane of the radiations present on one of said 
paths; 

- means (13, 113) responsive to the state of po- 
o5 larization of the radiations present on said two 

paths, which means receives at a first or a second 
input the radiations coming from the first or the 
second path and transfers such radiations onto a 
modulator output to form a modulated signal con- 
*o sisting of an output radiation presenting a state of 
polarization depending on the power fraction asso- 
ciated with the radiation sent along either path and 
hence on the ievel of the data signal. 

2. A modulator as claimed in claim 1, char- 
ts acterized in that said integrated optical waveguide 

device (6) is an optical switch. 

3. A modulator as claimed in claim 1 , char- 
acterized in that said integrated optical waveguide 
device (6a) is a o reciicnai coupler. 

so 4. A modulator as claimed in any of claims 1 to 

3, characterized in that said means (el\ e2, el , 
e3; e4, e5) controlled by said data signal transfers 
the whole of the optical power associated with the 
input radiation on either output port (P2. P4) in 

55 correspondence with a lowermost or respectively 
an uppermost level of the data signal. 

5. A polarization modulator for digital signal 
transmission systems, where a digital data signal 
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(IN) having a number of logic levels modulates the 
state of polarization of an optical carrier, character- 
ized in that it comprises: 

- an integrated optical waveguide device (6a. 6b) 
presenting at least one input port (P1; P3), at which 
it receives a iinearly-polarized input radiation con- 
stituting the optical carrier to be modulated, and 
two output ports (P2, P4), and comprising means 
(e1 . s2. e1 , e3: e4. e5), controlled by said data 
signal, sharing the cptical power associated with 
the input radiation between a first and a second 
radiation whic:i are presented at either output port 
(P2. P4) and making said radiations arrive at said 
output ports with a relative phase shift depending 
on the logic level of the data signal, the radiations 
outgoing from either output port being sent along a 
first and a second path, respectiveiy: 

- means (9) for rotating by 90 " the polarization 
piane of the radiations present on one of said 
paths: 

- means (13. 113) responsive to the state of po- 
larization of the radiations present on said two 
paths, which means receives at a first or a second 
input the radiations coming from the first or the 
second path and transfers such radiations onto a 
modulator output to form a modulated signal con- 
sisting of an output radiation presenting two or- 
thogonally pclarized components with a relative 
phase shift depending on the relative phase shift of 
the radiations sent along the first and second path 
and hence cn the level of the data signal. 

6. A modulator as claimed in ciaim 5, char- 
acterized in that said means (el , e2, el", e3; e4, 
e5) controlled by the data signal are arranged to 
share the optical power associated v/ith the input 
radiation between the frist and second radiation in 
relative proportions depending on the logic level of 
the data signal, under the control of a first control 
signal obtained from the data signal, and to make 
such radiations to arrive at said output pcrts v/ith a 
relative phase shift depending on the logic level of 
the date signal, under the control of a second 
control signal obtained from the data signal. 

7. A mcdulator as claimed in claims 5 and 6, 
characterized in that said integrated optical device 
comprises a directional coupler (6a) and a phase 
shifter (6b). 

8. A modulator as claimed in any preceding 
claim, characterized in that said data signal is a 
binary signal. 

9. A modulator as claimed in claim 8 when 
referred to claims 5 and 6, characterized in that 
said means (e1 , e2, el", e3) controlled by the data 
signal are arranged to make the first and second 
radiation arrive at the output port with a first or a 
second phase shift differing* by ?r, depending on 
whether the binary data signal has a first or a 
second logic value. 



10. A modulator as claimed in claim 9, char- 
acterized in that said means (el\ e2. el". e3) 
controlled by the data signal are arranged to make 
the first and second radiation arriva at the output 

5 port in phase, if the data signal has said first logic 
value, or undergo phase shifts of -ttt/2 and --/2, 
respectively, when the modulating signal has said 
second logic value. 

11. A modulator as claimed in any preceding 
io claim, characterized in that it comprises, along one 

cf said path, means (1 1 ) equalizing the optical 
lengths of said two paths. 

12. A modulator as claimed in claim 11, char- 
acterized in that means (12) for compensating vari- 

75 ations of the state of polarization introduced by 
said equalizing means (11) is located between said 
equalizing means (11) and said means (13, 113) 
responsive to the state of polarization. 

13. A modulator as claimed in any one of 
20 claims 1 to 10, characterized in that it further 

comprises a first trunk (15) of a highly birefringent 
cptical fibre, connected to said input port (P1) to 
transfer thereto the carrier to be modulated, and a 
second and a third trunk (16, 17) of a highly 

25 birefringent optical fibre, which have equal lengths, 
are connected to said first and second cutput port 
(P3, P4), respectively, and form at least a part of 
said first and second path, and in that the means 
for rotating the polarization piane cf the signals 

30 sent along one of said paths consists of means for 
rotating an end portion of one of said fibre trunks 
by 90 3 around its axis. 

14. A mcdulator as claimed in any of claims 8 
to 13 when referred to claim 7, characterized in 

35 that said means (13: 113) responsive to the state of 
polarization is followed by means (18) for com- 
pensating possible phase shifts introduced by the 
directional coupler. 
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® High-speed modulator of the polarization of an optical carrier. 



© The modulator comprises an integrated optical 
switch (5) receiving at an input a linearly-polarized 
optical carrier and transferring same to a first or a 
second output (P3, P4), according to the logic values 
of the bits of a modulating binary data signal. The 
radiations outgoing from the switch are sent to a 
polarizing beam splitter (13) with their original po- 



larization or with a polarization rotated by 30 de- 
pending on the switch output (P3. P4) from which 
they come. A signal with the original polarization or 
with the polarization rotated by SO* is present at the 
splitter output, depending on the logic values of the 
bits of the moculating signal. 
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